Since we observed in our previous work that Ni/SiO2-MgO was an efficient catalyst for decomposition of methanol to carbon monoxide and hydrogen, we have here studied the various methods of preparing the catalyst in detail. The following features have been observed. 1) The optimum SiO2 content in SiO2-MgO is about 60mol%; 2) Coprecipitation method is more effective than kneading method for preparation of SiO2-MgO; 3) Sodium silicate and magnesium nitrate are better precursors than ethyl orthosilicate and other magnesium salts; 4) Xerogel of SiO2-MgO is superior to its hydrogel; and 5) Impregnation method is more effective than precipitation, kneading, and tightly homogeneous coprecipitation methods for supporting Ni on SiO2-MgO. Effects of the method of preparation on the catalytic activity and selectivity are discussed in terms of catalyst surface area, acidity, sodium content, the amount of adsorbed hydrogen, and the diameter of Ni particles.
Introduction
Carbon monoxide and hydrogen obtained by decomposition of methanol can be utilized as a raw material for C1 chemistry, fuel cell, on-board reforming, etc. The utilization is expected to become even larger when methanol can be supplied at low costs from coal, natural gas, and biomass.
Studies on decomposition of methanol by catalysts containing various transition metals have been made.1) In our previous paper,2) Ni supported on SiO2-MgO exhibited the highest catalytic activity and selectivity for decomposition of methanol; and SiO2-MgO was the best support among the thirteen kinds of supports investigated.
In the present work, effects on the catalytic behavior for decomposition of methanol of the starting materials, methods of preparation (kneading, coprecipitation), composition and heat treatment of SiO2-MgO, and methods of supporting Ni (impregnation, precipitation, cogelation, tightly homogeneous coprecipitation) were examined. obtained by this method is denoted as SiO2-MgO (k). For SiO2-MgO (k1), however, the silica hydrogel was prepared by adding 2N HNO3 to an aqueous solution of 2N sodium silicate, and after the precipitate was washed with water; and Mg(OH)2 was prepared by adding 3N NaOH to an aqueous solution of 3N Mg(NO3)2 followed by washing the precipitate with water. The SiO2-MgO obtained from SiO2 prepared at pH=1 and 10.9 are denoted as SiO2-MgO (k1, 1) and SiO2-MgO (k1, 11), respectively. In SiO2-MgO (k2), silica hydrogel was prepared by adding a concentrated aqueous ammonia to a mixture of ethyl orthosilicate, C2H5OH, and HNO3 while stirring followed by washing with water; and Mg(OH)2 was prepared by adding a concentrated aqueous ammonia to an aqueous solution of 2N Mg(NO3)2, and after allowing the mixture to stand (b) Coprecipitation method: SiO2-MgO (c1) was prepared by adding at a stroke an aqueous solution of 4N Mg(NO3)2 to an aqueous solution of 0.3N sodium silicate while stirring followed by and by washing the precipitates with water, (c2) was prepared by adding at a stroke a concentrated aqueous ammonia to a mixture of ethyl orthosilicate, C2H5OH, and Mg(NO3)2 while stirring followed by washing, drying, and calcining similarly as above.
In the case of SiO2-MgO (c1), the hydrogel and xerogel states of SiO2-MgO are denoted, when necessary, as SiO2-MgO (c1, h) and SiO2-MgO (c1, x), respectively, because when not specified, hydrogel is used.
Also in SiO2-MgO (c1), SiO2-MgO prepared from MgCl2 and MgSO4 instead of Mg(NO3)2 are denoted, as SiO2-MgO (c1, C1) and SiO2-MgO (c1, SO4) respectively;
and SiO2-MgO prepared in the presence of HNO3 and NaOH are denoted as SiO2-MgO (c1, H) and SiO2-MgO (c1, Na), respectively. 2 and Ni(NO3)2 was put into a mixer, and onto the liquid layer was poured gently a solution (density: 1.2) of NaNO3. Further, a solution (density: 1.1) of sodium silicate was poured gently onto the second liquid layer. After three liquid layers are accumulated separately, the mixer was operated at a stroke. The precipitate thus formed was filtered and washed with water and then it was treated similarly as in the impregnation method, and was denoted as Ni-SiO2-MgO (t).
Analysis of Ni and Na Contents
The contents of Ni and Na in the catalysts were determined by X-ray fluorescence and atomic absorption spectroscopy.
Surface Area and Acid-Base Properties
The surface area of the catalysts was determined by using a conventional BET apparatus. Acidity and basicity were measured by titration with nbutylamine and benzoic acid, using indicators. SiO2-MgO in Ni catalysts supported by impregnation method on SiO2-MgO (k) prepared by the kneading method. In both cases of Ni/SiO2-MgO (k1) prepared from sodium silicate and Ni/SiO2-MgO (k2) prepared from ethyl orthosilicate, the rate (rH) of hydrogen formation increased with increasing SiO2 content, attained a maximum at 60mol% of SiO2 and then decreased. The rate (rM) of methane formation increased with increasing rH as seen in the range below 60mol% of SiO2 content. However, rM further increased even in the range above 60mol% of SiO2 content where rH decreased. Selectivities (SH, SM, SE) of the catalysts for hydrogen formation (methanol decomposition), methanation, and ether formation are shown in Table 1 . Since only a small amount of dimethyl ether was formed by intermolecular dehydration of methanol, and since its selectivity (SE) was almost independent of the kind of catalyst used, selectivity (SH) is mainly governed by selectivity (SM). Generally, the SH decreases as the SiO2 content increases. Above 60mol% of SiO2, the SH is almost constant in the case of Ni/SiO2-MgO (k2), but decreased in the case of Ni/SiO2-MgO (k1).
The Ni/SiO2-MgO (c2) prepared by the coprecipitation method showed higher SH than Ni/SiO2-MgO (k) prepared by the kneading method.
Acidity of SiO2-MgO vs. activity of Ni/
SiO2-MgO Acidities of supports (SiO2-MgO) are shown in MgO (k1) prepared from sodium silicate increased with an increase in SiO2 content, and the total MgO (k2) prepared from ethyl orthosilicate. Although no clear correlation was recognized between acidity of SiO2-MgO and activity of Ni/SiO2-MgO, Ni catalysts supported on SiO2-MgO whose acidity was larger than 0.2mmol/g showed higher activity than those supported on SiO2-MgO whose acidity was smaller than 0.2mmol/g, indicating a possible acidity influence on the activity for the decomposition of methanol.
On the other hand, the activity for the formation of methane increased monotonously with increasing SiO2 content. The basicity was observed only on SiO2-MgO whose SiO2 content was less than 50mol%.
Since the acid-base properties of colored Ni/SiO2-MgO could not be determined by the indicator method, dehydration of 2-propanol was carried out as a test reaction for acidity measurements. Figure  2 shows the relation between activity for dehydration of 2-propanol (acidity) and the rate (rH) of hydrogen formation. The higher the acidity, the larger is the TH. The difference in the rH at the same acidity is considered due to the difference in the dispersion of Ni as will be described in the next section.
As mentioned in our previous paper,2) the use of strongly acidic catalyst supports such as SiO2-Al2O3 and Al2O3 causes acceleration of dimethyl ether formation by intermolecular dehydration of methanol, while the use of basic supports such as MgO and ZnO enhances the selectivity for hydrogen formation by decomposition of methanol, but lowers the activity.
Hence, the use of SiO2-MgO having a moderate acid strength is necessary for high activity and selectivity.
It is emphasized that the acidity (acid amount), which can be varied by preparation methods, of a moderately strong acid (SiO2-MgO) is also important as evidenced in Fig. 2 . 3.1.3 Dispersion of nickel vs. activity As shown in Table  1 , larger amounts of hydrogen were adsorbed on Ni/SiO2-MgO (k1) than on Ni/SiO2-MgO (k2), indicating that dispersion of nickel is better over the former catalyst prepared from sodium silicate. One of the reasons for better dispersion is due to the larger BET surface area (see Table 1 ). The surface area of Ni obtained from the amount of adsorbed hydrogen for Ni/SiO2-MgO (k1) is 4-6 times larger than that for Ni/SiO2-MgO (k2), whereas the activity of the former catalyst is 3 times the latter at most. Particle diameters of Ni calculated from the amounts of adsorbed hydrogen are 3.5-5.5nm and 12.0-25.0nm, respectively, for Ni/ SiO2-MgO (k1) and Ni/SiO2-MgO (k2). That the difference in the activity between the two catalysts was not proportional to the difference in the surface areas of Ni in the catalysts may be interpreted by the particle sizes of Ni/SiO2-MgO (k1) smaller than 5nm. Table 2 , a catalyst containing a larger amount of sodium showed higher selectivity. Thus, one of the factors controlling selectivity seems to be the sodium content which is varied by the precursor of MgO.
Effect of Preparation

Effect of pH at gel formation of SiO2-MgO
The effect of pH at gel formation in the coprecipitation of Si and Mg hydroxides on surface and catalytic properties is shown in Table  3 . In the case where SiO2-MgO (c1) of Ni/SiO2-MgO (c1) was prepared by adding a solution of Mg(NO3)2 at a stroke to a solution of sodium silicate, the pH after coprecipitation was 8.5. In the case of Ni/SiO2-MgO (c1, H), the support was prepared by adding a mixture of HNO3 and Mg(NO3)2 solutions to a solution of sodium silicate in which the pH was 6.5. In Ni/SiO2-MgO (c1, Na), the support was prepared by adding a solution of Mg(NO3)2 to a mixed solution of sodium silicate and NaOH, where the pH was 13.1.
The activity of Ni/SiO2-MgO (c1, Na) for methanol decomposition was very low compared with that of the other two catalysts. Although the Ni content was slightly smaller, the low activity was considered due to the following factors: surface area, acidity, and Ni particle diameter. The Ni/SiO2-MgO (c1, H) was fairly active, but its selectivity for methanol decomposition was low. The Ni/SiO2-MgO (c1) whose support was prepared at pH=8.5 was the best.
Effect of pH on preparation of SiO2
The surface and catalytic properties of Ni/SiO2-MgO (k1, 1) and Ni/SiO2-MgO (k1, 11) whose SiO2 was prepared from sodium silicate at pH=1 and 10.9, respectively, are shown in Table 4 . The Na content, surface area, acidity were considerably different from each other, but selectivity, Ni particle diameter, and turnover frequency were not so different.
3.2.4
Nickel particle diameter and turnover frequency A relation between nickel particle diameter and turnover frequency is shown in Fig. 3 .
There is a rough tendency that the turnover frequency increases with increasing of particle diameter. A similar tendency was also reported for Pd/Al2O36) and Ni/SiO27) catalysts. Those tendencies are considered due to the change in the fine structure of the metal particles depending on the dispersion of the metal. Above 15nm, the turnover frequency seems to become constant where the structure becomes that of the ordinary metal. Table  3 Effect of pH at Gel Formation Table  4 Effect of pH in Preparation of SiO2 Gel 3.2.5 Relation between activity for dehydration of 2-propanol and activity for decomposition of methanol over various catalysts As shown in Fig. 4 , the rate (rH) of decomposition of methanol (hydrogen formation from methanol) increased sharply with increasing activity for dehydration of 2-propanol, and it attained a maximum and then decreased gradually. MgO, whose activities are lower, are considered to be weaker acid catalysts over which dehydration of methanol hardly occurs. On the other hand, Ni supported on basic MgO and CaO or neutral SiO2 showed much lower activity for decomposition of methanol.2) From these facts, it can be concluded that moderate acid strength of the catalyst or of the support is an important factor for enhancing the activity of methanol decomposition. 3.2.6 Relation between sodium content and selectivity Figure 5 shows a relation of Na content in Ni/SiO2-MgO with the selectivity for decomposition of methanol.
The selectivity increases with an increase in Na content and becomes constant above 1wt% of Na content.
In Fig. 6 is shown a relation of Na content with the activity of dehydration of 2-propanol. The dehydration activity was higher with catalysts containing smaller amounts of Na and lower with the catalysts containing larger amounts of Na. It can be said that lower Na content is associated with higher acidity. Thus, the selectivity for methanol decomposition increases with an decrease in catalyst acidity (see Fig. 5 ). Table 5 . Impregnation method was better than precipitation method and other methods. In the precipitation method, the use of xerogel of SiO2-MgO resulted in much higher activity than the use of hydrogel of SiO2-MgO.
A relation between the rate (rH) of methanol decomposition and the amount of adsorbed hydrogen is shown in Fig. 7 , where almost the same kinds of supports were used. A good is observed; i.e., the larger is the amount of adsorbed hydrogen, the higher the decomposition rate. In Table 5 , the turnover number decreases with an increase in Ni particle diameter.
This result which is contrary to that of Fig. 3 may be interpreted as follows. The last three catalysts in Table 5 were prepared by supporting Ni on the hydrogel of SiO2-MgO, followed by calcination and reduction so as to disperse Ni well into the support.
Over these catalysts, the amount of adsorbed hydrogen was small, and the rate of methanol decomposition was low.
Since it is known that chemical compounds are formed when hydrogel is used as a support in preparation of metal catalysts supported on oxides,9) nickel silicate and/or a solid solution of NiO and MgO are considered to be formed in these catalysts. In fact, X-ray diffraction patterns corresponding to NiSiO3 and NiMgO2 were recognized.
Since, however, the Ni-particle diameters were calculated assuming that all nickel particles existed in isolated states (the state of no interaction with support), the calculated values are considered to be higher than the real values. This is probably the reason for the difference in data between Table  5 and Fig. 3 
